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ABSTRACT
The present study describes a new approach to quantitative 
sediment tracing with dyed (fluorescent) particles, which can be used 
to obtain estimates of grain velocity, estimates of mobile layer 
thickness, and estimates of the rate of longshore sand transport.
A simplified stochastic-process model was employed Involving the 
use of statistical procedures to analyze tracer displacement data on a 
time-stratified basis. The procedures provide meaningful estimates of 
the direction and magnitude of the movement of beach sand through set 
Intervals of time*
Results of a single tracer experiment are reported from a beach 
located near Virginia Beach, Virginia. The tracer particle-displaeement 
data obtained wares 1) subjected to preliminary tests to determine the 
need to separate the data according to two dynamic zones; 2) treated as 
normally distributed populations in which mean particle displacements 
were computed for specific times following tracer release and compared with 
one another using "t" tests to determine significant mean differences;
3) time-stratified where successfully tested so that weighted mean dis­
placements representing the time Interval 0 to 50 minutes could be 
computed; and 4) converted to mean particle velocities by dividing 
adjusted mean displacements by average travel time. For the morning of 
September 17, 1966, during moderate wave conditions at high tide, average 
particle velocity was determined for the swash and surf zone®. In the 
swash zone, V (X) • 0.44 ft./min. (0.22 cm./sec.) in the longshore 
direction. In the surf zone, V (Y) * 0.37 ft./min. (0.1# cm./sec.) in 
the offshore direction.
Computed mean grain velocities and certain environmental data 
gathered prior to the time of the tracer experiment were used to make 
an estimate of the thickness of the mobile layer (the depph interval 
in which semi-continuous motion of the grain® occurs). The thickness, 
based on grain velocity in the offshore direction and the measured rate 
of sand accretion seaward, was about 0.5 in. (1.3 cm.); assuming this 
to be the thickness of the mobile layer in the swash zone as well, 
an estimate of the longshore rate of sand transport was then computed 
using known values of swash zone width and longshore grain velocity.
A transport value of 440 yd. Vday (336 ra. Vday)» in a longshore 
direction was obtained.
VII
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I. INTRODUCTION
This study examines the ssovame&fc of sand particles oa an ocean
beach. It includes a method for estimating average rates of beach sand 
movement in the littoral sons, The method utilised involves the use of 
3&nd tracers consisting of quarts grains coated with fluorescent dye. 
Tracers released in areas of sand transport can reveal the direction of 
this transport, and the average velocity of the individual grains 
estimated through a statistical procedure applied to the tracer recovery 
data,
A substantial amount of sand is transported daily along most 
beaches under the influence of wave-induced longshore currents* A large 
storm can effect highly significant changes in the profiles of beaches 
and at such times it is evident to the most casual observer that large 
volumes of sand have been moved into or out of a given area. Indeed, 
measurement of the areas enclosed by time-sequential profiles ha© been 
the standard means by which coastal engineer® estimate the net "cut** or 
“’fill” per unit time at selected locations (e.g., Caldwell, 1956; Johnson* 
1936), This involves multiplying the area enclosed between two successive 
profiles by a unit distance along the beach (usually one meter), whereupon 
the net volume change is found for this section of the beach. However, 
while the net volume change may occasionally be naar Eero (an equilibrium 
beach), the gross transfer of material over a given period of time could 
be. considerable, meaning that a steady transport of sand exists at soma
2
3point hut no nett erosion or deposition occur# there. In such eases, send 
traps or the accumulation of material against a natural harrier usually 
provide an estimate of the gross material change. Although time consuming 
and expansive to acquire» the quantitative information gained has its 
value In the design of adequate protective measures in areas undergoing 
excessive sand accumulation or erosion. For example» severe seasonal 
erosion in the foreshore sou* may he offset by Intermittent dredging or 
pumping of sand from other areas to the area of concern, the cost of 
such operations requires some previous knowledge of the quantities of 
sand being exchanged at various times If the method is to he efficient.
II. PREVIOUS INVESTIGATIONS
At present, the volume of sand transported across a section of 
beach in a given time Is being calculated in more direct ways than by 
simple comparisons of profile data. Recent investigator® have been more 
concerned with the dynamic# of the beach-ocean-atmosphere system, and 
have begun to examine the movement of Individual sand particle® in 
devising ways of estimating the average sand transport along a beach.
Russell (1960) first used tracers to obtain a quantitative 
estimate of littoral drift. He released quantities of dyed pebbles at 
a single point, at one week intervals» to establish a semi-continuous 
source of tracer material. He assumed tracer® would seek a certain 
level on the foreshore and move with similarly sized pebbles in response 
to hydrodynamic forces, and visualized a two-way system of transport with 
the zone of travel divided into imaginary compartments• Further, the 
dimensions of the initial compartment were chosen so that if it contained 
M pounds of material, pH pounds would go to the left and gK pound® would 
go to the right, where p 4* q » 1 over a time Interval of one week. After 
many Injection®, mathematically derived tracer distributions for several 
combinations of p and q value# were compared with the actual field 
distribution, as determined from unit area surface count# of dyed pebbles, 
so that estimates of p and q were obtained. The net rat® of transport 
was then (p-q) M/t, where M/t in pound® per week was also found mathematically 
from a knowledge of the tracer distribution. Using this technique, Russell 
calculated the net transport along a shingle beach at Rye, England to be
4
531*000 tons par year as compared to 33,000 toms per year for this beach 
according to available profile data* As a cantion, he also mentioned 
the failure of his method to account for any offshore-onshore tracer 
movement, and did not recommend its use on sandy beaches where such 
movement often occurs.
Ingle (1966) presented data on the average grain velocity of 
beach sand in a comprehensive monograph on the use of fluorescent sand 
tracers. Whereas Russell employed essentially a line of sampling points, 
Ingle obtained data from a sampling grid by collecting sand with grease* 
coated cards along several transects perpendicular to the shoreline.
Els areal data were used to construct equal-value contour®, or isopleths, 
of tracer grain concentration (dyed grains per unit area) in a plane 
approximating the sediment-water interface. The dimensions of his atudy 
areas were’ about 200 by 500 feet, the long dimension occurring parallel 
to the beach, and the shorter one extending between the upper swash limit 
and the breaker zone.. Ingle found that patterns of tracer distribution 
were better developed if the Wmcev w m  released at several points along 
a line rather than at a single point. Re determined the total amount of 
tracer In the study area at given intervals of time by multiplying the 
value of each tracer isopleth by the area within the isopleth (obtained
fey planineter) • xn this way the depletion rate, or percent amount of 
tracer leaving the area in a unit of time, was found* The average 
velocity of the tracers was then obtained fey dividing the average distance 
of travel (central injection point to main exit fron study area) fey the 
time required for half of the initial tracer quantity to fee depleted. This 
procedure Is herewith termed the area-lntegratlon or depletion method of 
estimating average particle velocities. To obtain net sand transport values,
Ingle points oat that one has to derive a value for the thickness of the 
mobile sand layer9 the limits of which are not precisely known at present* 
Kinstela (1948) estimated the thickness to be only a. few grain diameters, 
depending on the location and average sand grain diameter there. Working 
■with available sand volume data from engineering studies, Ingle utilised 
the following expression:
Fga * A * 3 * o't
where U ** average annual tracer velocity; A * average annual unit of 
sand transport (average annual beach width x 1,0 ft.); 1 » thickness of 
mobile bed; » estimated average annual rate of littoral drift.
Solving for B, several thicknesses were found for different areas and a 
correlation of mobile bed thickness with average median grain diameter 
was developed. Typical values of B were- found to be 0.05 and 0.10 inches 
<0.12 and 0.25 cm*}*
Another mean® of quantifying sand movement involves use of the 
time-intagration method, developed in laboratory experiments by Crickraore 
and Lean (1962a; 1982b). Its principle concepts were adapted for use in 
the field by Braun end Purpura (1984), Tasso (1965), and Bruun (1985).
The essenc# of this method is the delineation of a "mode” or maximum 
tracer concentration which moves progressively downdrift in the littoral 
cone under the Influence of the longshore current. At some point down 
beach, sampling is done at close intervals so that a curve of the 
frequency of tracer recovery versus time may be developed. The apex 
or central point ©f the curve yields the mean travel time of the tracers; 
the distance traveled being known, the average velocity of the grain® 
is obtained. Usually this method require® extensive sampling for full 
development of the tisae-frequency curve. For this reason, Bruun and
IJNftfpftSft IftftftftUftd ftftd&NMft fNMpft ftlftftft 6tt -cwim fdtaf 1ft i^ pfthUs
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Ill. PRESENT STUDY
Description of Area 
The beech selected for study is located south of the borough of 
Virginia Reach, Virginia, on the Atlantic Coast (fig, 1). All measurement* 
and samples were taken near a fence perpendicular to the shoreline, which 
marked the boundary between Virginia Beach and Caxap Feudal tor;, a military 
training area, The study area will hereafter be referred to as the 
"Pendelton Transact".
The terminology associated with the study of beaches and used in
this paper is the sen* as that given by Ingle (1966, pp. 12~*13) •
Figure 2 (A) shows the classical beach profile and associated terminology 
and figure 2 (B) represents the division of an idealised beach into 
dynamic rones. Beaches with steep foreshore slopes often lack a surf 
zone at higher tidal levels; however, due to- a relatively flat foreshore 
slops (about 6 d@g,)s this zone was usually wall-developed at the 
Peadelton Transect during the period of study (late summer of 1966). A
small secondary breaker sons sometimes developed between the swash and 
surf zones. Figure 3 shows in plan view the topography in the vicinity 
of the Feudalton Transact, as obtained by leveling on September 17, 1966, 
the date of the main tracer experiment. After visually locating the limits 
of surf and swash backwash la relation to marker rods shown in figure 3 
it was found that the bottom slopes reflected a similar delineation between 
the inner two zones depicted in figure 2 (B).
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9Waves approaching the Virginia Beach ahora mmy attain Breaking 
height® of six fmmt ©r more, usually from swell generated by distant 
ocean storm®. The normal Breaker height, however, is probably between 
three and four feet during mwm&r and early fall months, the breakers 
being either the plunging or spilling type. Offshore fear and trough 
systems superimposed on a gently sloping hotto© frequently set up 
multiple breaker rones. Having passed these zones, the final set of 
waves impinging on the beach generally have small angles of approach 
(the orthogonal® to the wave crests deviating no more than 10 degrees 
from the direction perpendicular to the shoreline). Regardless of their 
low angle of approach, the net effect of large amplitude waves is an 
elevated water level which, combined with even a slight wave angle, 
normally produces a fairly strong longshore current. The effect® of 
the Wave© on the beaches are only slightly modified fey the relatively 
low mean tidal range of 3-4 feet at Virginia Beach.
la addition to the present Investigation, other studies (Harrison 
and Morales-Alamo, 1964; Harrison and Wagner, 1964; Harrison, at al»,
1964; Harrison and Kruaboln, 1964) have been conducted in the Virginia 
Beach area dealing with various aspects of the local beach~ocean environ­
ment. The information in these reports guided the development of the 
present study.
Model Selection -- A primary step in planning a new experiment 
such, as the present one is that of proper experimental design. The study 
of beaches has been facilitated by the use of a variety of models, including 
seals model® with dimensions reduced for ease of measurement. Whenever 
measurement data are feeing collected, mathematical models are very often
10
used* these being either the deterministic or the statistical type. 
Deterministic models utilize variables and constants but lack a statistical 
component so that, measurement errors excluded, all relationships set 
forth must be exact (Krumbein and Graybill, 1965, pp. 15-17). An 
example of a deterministic relationship that is often involved in beach 
problems is Stoke*s law which relates the terminal settling velocity of 
a small sphere in a fluid to the difference in density between sphere and 
fluid, the acceleration of gravity, the square of the sphere’s radius, and 
the viscosity of the fluid.
In a statistical modal, values of one or more of the functional 
components is random.* A common example is the simple linear model 
(Krumbein and Graybill, 1965, p. 224) which may be expressed:
Y * a m  + e
where Y is an observable random quantity, X is an observable quantity 
that is not random, a and 3 are unknown parameters, and e is an un­
observable random error with mean zero and variance a2. The above 
expression is termed linear because of the way the parameters a and 3 
are related. Hence a number of observations result in several simultaneous 
linear equations which can be solved for a and 0 by the method of least 
squares, whereby e is minimized. The simple linear model is easily 
developed into more complicated forms by Increasing the number of unknown 
parameters and their corresponding independent variables which may 
themselves have added complexity (e.g., X, X2, cos X). A solution to 
any linear model consists of finding a combination of parametric values 
that will reduce e to the lowest possible level so that Y, the dependent 
variable, can be computed directly from subsequent sets of independent
1 ’In connection with probability and statistics, the terra 
random implies collective or long-run regularity’ [Glossary 
of Meteorology, p. 467, 1959}.
11
variable data. The final equation, then, may be tamed m ^predictor1' 
equation, where the independent variable(a) are called predictors and 
the dependent variable 1® called the predictand.
Although a number of deterministic models have been specifically 
developed for the beach environment, most of them have had limited 
success as predictors of actual beach condition®. For example, an 
empirical equation to predict grain sim  and sorting patterns in the 
offshore sone on the basis of wave height, length, celerity, still water 
depth, and particle fall velocity was developed by Xppen and Eagleson 
<1955) in laboratory studies? assuming this relationship would hold 
under certain equilibrium conditions, Miller and Zelgler (1958) found 
good approximations to the same under ideal field conditions * but later 
found little correlation where bottom topography was irregular (Miller 
and Zeigler, 1964),
Because a variety of mechanical processes are functioning at 
any given time in the beach environment * it is not surprising that good 
agreement between field observations and the corresponding theoretical 
values of a single deterministic equation is seldom attained. Possibly, 
when all or most of the basic processes are understood, the behavior 
of the beach environment will one day be completely described. However, 
until these theoretical concepts become fully developed, it may well 
be that the statistical model has ©ore to offer the marine scientist 
engaged in field work. A particular type of statistical model that has 
found increasing use in recent years, the stochastic-process model, 
will be examined in the present study,
Stochastic-Process Models — ■ The word stochastic is synonymous 
with probabilistic, and was originally used to signify a given physical or 
biological process having random changes associated with it which could
12
be dealt with through the law* of probability (Sartlatt, I960)* More 
recently, the definition of the term stochastic process has been given aa 
n...*a family of random variables with infinitely many members** (Krumbein 
and Grayblll, 1965, p. 375). Doob (1953, p* 46) stated that such a 
family of random variables must have a common tlma-parameter which can 
be either continuous or discrete. An example of a stochastic process 
present in the ocean environment is the random distribution of wave 
heights, X, having a continuous tlme-paramater, t, so that X (t) re­
presents titne~dep«md.ent populations of wave heights over sm m  time 
interval. For any fixed time, fc5 the simultaneous measurement of all 
waves in an area would reveal the true distribution of X at that instant 
(this is now being done with synchronous stereo-palrs of aerial photos). 
However, for m given interval of time, an Infinite number of heights 
of waves, X (t)3 exists* Other stochastic-process model® may haw 
discrete tlae-parameters wherein certain events (e.g., radioactive 
emissions) occur randomly at discrete times. It may be noted that random 
distributions themselves may be, continuous, as are the normal, lognormal* 
and gamma distributions; or discrete, as are the binomial and polsaon 
distributions.
Stochastic-process models are becoming Increasingly important 
in describing natural phenomena. Schaldagger (1958, 1964) assumed 
randomness in his study of fluid flow through porous media. Krumbela 
(1967) gives examples and Illustrations of Markovian processes used in 
simulation of stratlgraphlc sections. A stochastic mechanism, the simple 
Markov process stipulates that the state of a system at time t , point 
Xg, or event Er Is dependant upon the state at or Er_^.
Another type of stochastic process, the rnndom-walk model, has lean used
13
by Leopold and Langbein (1962) to describe drainage networks of connecting
rivers and streams. Scheldegger and Langbein (1966) also discussed
randott-walk models as applicable to transport processes used in determining
the random evolution of landscapes, stating:
The transport process has a stochastic element in it, 
that is, there Is a random element determining which 
"particle" moves at what time so that the transport 
process can be regarded as the result of a "random 
walk" of the individual "particles" making up the 
landscape.... the process is not truly random since 
the small scale effects involved are all mechanically 
completely determined. However, the mechanics of these 
small scale effects is so complicated that the details 
concerning most individual particles will remain 
forever unknown, (p. C3)
Accordingly, processes similar to the randora-walk transport model 
are necessarily being recognized in quantitative analyses of sand transport 
in the dynamic zones of beaches (Ingle, 1966, p. 40). Here sediment 
motion is caused by a combination of sheer stresses generated by wav© 
and current actions (Bruun, 1965) with individual particles alternately 
moving in temporary suspension within the fluid medium and along the 
bottom as bed load. Additional dispersive stress resulting fro® particle 
collisions aids in transferral of momentum to both sand grains and fluid 
medium (Bagnold, 1963). Further complexities are found la a unique 
relationship between grain size, settling velocity, and fluid "threshold" 
velocity required to initiate grain motion, as explained by Hjulstrd®
(1935) and Inman (1949). All of these effects interact to create random 
patterns of grain motion in the field, perhaps nowhere better demon- 
strated than in studies utilizing fluorescent tracers. f
Tracer Particle Displacement Model ~~ Recognizing the inherent^ 
variability in the movement of sand particles in an active nearshore -
environment, a decision must be made as to which variables, spatially and
temporally, will be considered as having random distributions. In this 
experiment, the displacements I and Y of an individual tracer particle 
from some arbitrarily placed origin (X » 0, Y * 0) at time t over the 
interval 0 < t < T, were selected as random variables. This formulation 
clearly invokes the stochastic mechanism as previously defined, since 
at any fixed time, t, there will be two groupd of displacements [X(t),
Y(t)J represented by a large number of tracer particles recovered after 
having been released at a single point [X(0)» Y(0)3 and acted upon by 
waves and currents during the time Interval 0 to T. In other words, 
the random variables selected have spatial coordinates and are subject 
to a continuous time-parameter within the framework of a stochastic process 
To Implement the above model, arow-column sampling grid was 
devised (fig. 4) with each sample located by X and Y orthogonal coordinates 
X values were made to Increase in a northerly direction parallel to the 
shoreline with Y values increasing in the onshore direction. The origin 
of the coordinate system was placed in the lower left corner of the grid 
as indicated in figure 4, so that all X and Y values would be positive. 
Fluorescent tracers were released at predetermined, centrally located 
points within the grid, and samples of sand were collected at regular 
intervals of time at each station shown in figure 4. The data thus 
obtained were grouped according to the time of collection, assuming 
simultaneous sampling of the entire grid, so that the distribution of 
particle displacements as represented by X and Y values could be 
examined Independently with reference to a common tiiae-parameter„
Execution of Experiment 
Preparation of Tracers —  Numerous methods of traeing sea-bed 
matarials have been used. The methods fall into two categories; namely,
those which utilize radioactive coatings or artificially-induced radiation 
and those which use coatings of fluorescing dyes and pigments on selected 
natural objects (ranging in six® from clay to cobble). Due to the hazards 
of radioactive substances, this type of tracer has been used mostly 
offshore (Inman and Chamberlain, 1960) and along restricted beaches 
(Kidson, at *1«, 1958; Inoae and Shiraishi. 1956). Fluorescent dyes 
are much cheaper than radioactive tracers and offer no potential danger, 
hence dye® have been far more extensively used. The first use of a 
fluorescing compound to mark tracer grains is attributed to the Soviets 
(Medvedev and Aibulatov, 1956). Since their work, scientists in many 
countries have employed fluorescent tracers-, their methods differing 
mainly in the type of coating procedure mad the compound® used*
Wright (1962, pp. 2-3) and Ingle (1966, p. 10, Appendix I) five good 
suwstaries of the work and methods used in fluorescent tracer studies 
to date, for the present study, a method developed by Tasso (1962) 
was employed* Tasso utilized a commercial grade of fluorescent acrylic 
lacquer ("safety paint*) to which he added a quantity of bonding agent 
consistlog of toluene and bottle resin before applying it in thin coafes 
to dried grains of sand. The application of this lacquer to large 
quantities of sand is done easily and at a very low cost.
Tasso*® recoimBendatloas were followed closely in this study 
except for the method of application; i.e., the mixture was introduced 
into a large plastic bag containing the required amount of sand and then 
shaken by hand* Approximately 100 lbs, of sand was dyed using Day-Glo 
Ho. 202-18 (signal green) acrylic paint with bonding agent and allowed 
to dry* Wimn dry, the tracer material was worked with a pressing tool 
to eliminate clumps which had about the same consistency as those of sugar.
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Samples of the dyed grains were examined under a microscope using long­
wave ultraviolet light to determine the nature of the coating. Host 
grains contained patches of dye in small crevices* not affecting the 
initial also or shape of the grain significantly, yet providing a 
brilliant source of light for positive identification with the unaided 
eye. Whan mixed with undyed sand* a single tracer grain among thousands 
of ordinary grains could be quickly detected.
'Hie material selected for dyeing, was an almost pure quarts 
sand taken from the duae area of the beach. Before being treated* 
each quantity collected was passed through a 30-mesh screen and shaken 
vigorously on a 50-mesh screen so that the final quantity retained fell 
within the size range 0.29-0.59 an. This size rang® closely approximates 
that of numerous nearshore sand samples taken from several Virginia 
Beach localities* whose composition was mainly quartz (Earrisen and 
Moralest 1964, pp. 34-35).
Injection of Tracers and Sampling Technique —  A single tracer 
experiment was conducted at the time of high tide on the morning of 
September 17. Seeding was done during the time of maximal tidal height 
so that sea level change would be minimal during the experiment (minimi 
tidal height would have sufficed as well). Approximately 100 lbs. of 
tracer sand* divided into four equal portions, was released at the 
Fendalton Transect at the positions shown in figure 4. The position® 
were chosen to favor a southerly drift indicated by the presence of a 
fairly strong longshore current. The tracer was released at four points 
along a line perpendicular to the shoreline to aid the initial dispersal 
into the swash and surf zones, a® recommended by Ingle (1966, p. 21). It 
may be noted (figure 4) that the mean position of the tracers at time
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t w 0 may nevertheless he imagined a® a single point {1 *» 123 ft.,
Y * 37*5 ft*) along the boundary of the two dynamic sones. For analyses 
of displacement distributions, all grains were considered to have entered 
the system at that point.
The release of the tracer® was accomplished by transporting 
the four quantities of sand In plastic bags to the release points, 
whereupon they were placed on the bottom and torn open by hand (using 
four assistants to achieve a simultaneous release). Prior to release, 
a wetting agent (commercial detergent) m s  mixed with the content# of 
each bag.
Sampling of the tracer distribution was conducted at 10~minute 
intervals up to 30 minutes after release, Two special coring devices 
(fig. 3), designed by the author, were used along columns M, BB» CC, and 
DO (fig. 4), and hand sampling of the upper 0,5 in. (1.3 cm) of the mud 
surface was don© along columns AB, BC, and CD. The latter group of 
samples supplemented the core samples. The cores were taken in short 
(8,0 in.> 20 cm.) cellulose acetate butyrate tubes of 2.0 in, (5.1 cm,) 
diameter by driving them into the bottom with the coring device (valve 
open), then extracting the core (valve closed) and quickly sealing the 
bottom end with a plastic cap. Cores were marked and immediately 
carried to ahor© by two teams of field assistants. The average time 
required to sample the entire grid was about four minutes.
Owing to a tendency for beach sands to travel in a mobile layer 
of limited thickness, as mentioned in previous investigations, it was 
deemed necessary to obtain cor© samples such that the grains immediately 
beneath the surface would have an equal chance of appearing in the sample.
In addition, tlx© presewse of a rippled bottom was noted. Ripple crest®
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are known to migrate at low fluid velocities (Shepard, 1963, pp. 116-117), 
and their movement was expected to advance and bury some grains, while 
exposing other® in the following troughs. These in turn were carried 
forward over the crests. Therefore, because marked particles could be 
rather quickly incorporated into the bottom, the top 0.5 in. (1.3 cm.) 
of each core was saved for counting purposes. Because a larger number of 
sand samples were desired than there were plastic tubes available, 18 
of every 42 sample® obtained were collected by hand (getting approximately 
the top 0.5 in. of sand) and stored in small bags. These sample® were 
later divided in the laboratory to obtain a quantity of sand equal in 
volume to that taken from the sand cores.
Measurement of Environmental Factor® —  A number of dynamic 
factors were measured near the time of high tide the morning of 
September 17 and also during the preceding high tide. These factors 
include the following:
Kean height of breaking waves - Hfa
This value was obtained by measuring the trough to crest distance 
of fifty consecutive waves using a portable tide staff graduated in feet 
and tenths. The measurement error was estimated to be ±0.3 ft. (0.1 ®.).
Mean height of significant breakers - “b.
In the set of fifty consecutive waves, the highest one-third were 
averaged to get an estimate of the significant wave height. This 
procedure tends to isolate the higher amplitude waves present in the 
wave spectrum as the main contributor® to the total wave energy.
Mean period of breaking waves -
The beginning and ending times of a set of wave measurements,
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divided by the number of meaauremencs* gives the mean breaker period.. 
Measurement error was estimated as ±0.2 second.
Significant wave height® - H.@
(Average height of the 1/3 highest waves)
Values were obtained from a significant wave strip-chart analysis 
of wave records from the Coastal Engineering Research Center’s step- 
resistance wave gage located at the end of a 950-ft.-long fishing pier 
(approximately 1000 yds. north of the Feudalton Transect). Mater depth 
at the end of the pier was about 20 ft. (6m.) and a given value of wave
height la precise to about ±0.1 m*
Significant wave period - Ts 
(Average period of the 1/3 highest waves)
These values were obtained in the analyses for Ts is
determined to the nearest 0.5 sec. in the range 3 to 6 see., and to the
nearest whole second for value® above 6 sec.
Mean acute angle between the shoreline 
and the crests of breaking wave® - a
This angle was measured using a tripod-mounted bearing circle 
equipped with sights and placed as close to the inshore margin of the 
breakers m  possible. After sighting along a line parallel to the shore­
line* then turning to a line passing through the breaker crests, the 
breaker angle was recorded as the angular difference between bearings 
rend; a mean value was obtained from three such readings (precision 
was probably ±2 degrees).
Mean trough to bottom distance^ 
in front of a breaking wave - %
This distance was measured directly and averaged for five individual 
observation*, giving a measurement error of about ±9.5 in. (1.3 cm.).
20
Mean longshore current velocity - V 
Estimates of the wave-induced longshore current were obtained 
in the surf gone by releasing fluorescein dye in the water and timing 
the mo venter, t of the center of the dye patch over a known distance.
Three dye releases were made and the results averaged to obtain the 
mean travel time. Thin value was then converted to mean current velocity 
after noting the distance and direction of travel.
M**n wlnd dlreotlon and *peed - v  E.
A Weather Bureau Model F42Q wind vane and anemometer with 
direct readout module was installed at the end of m fishing pier 
(fig. 1C) at Virginia Beach. Mean wind direction was recorded to 
the nearest 5 degrees and m an wind speed error was probably within 
2 miles per hour.
Sea water density ~ Pt 
A Taylor mercurial thermometer mounted in a standard U5G&GS 
water sampler was used to record water temperature to the nearest 
0.2*C. Water samples were collected and stored in citrate of magnesia 
bottles for later determinations of salinity in the laboratory using 
a Jlytech induction sallnomatar. Sea water density (g/cei3) was determined 
from the temperature and salinity using a U.S. Naval Oceanographic 
Of ftea nomograms.
Mean slope of the foreshore - m 
Foreshore slopes were determined from cross-sectional date used 
in computing Q^, which ia described in the following paragraph. Tha 
precision of a given slope measurement is about ±0.2 degrees.
Kean sect ling velocity and 
foreshore changes - Ug and
Data were obtained regarding the vertical fluctuations and
size composition of the beach surface. Rods placed at approximately 
2 G~£t. intervals along the main transect were marked near their upper 
ends and referenced to mean sea level through a leveling network.
During the tidal extreme® in question, measurements were made of the 
distance between the sand surface and the reference mark at each rod; 
also, a small quantity of sand was collected near each rod by scraping 
off the uppermost layer of grains. These measurements and samples 
were saved for laboratory procedures, to be described shortly in which 
Qjp, the quantity of sand eroded from (--) or deposited upon (*f) the beach 
foreshore in one tidal cycle was calculated, along with the mean settling 
velocities, 0  , of the individual sand samples*
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the field are presented in table 1, in both English and metric units.
It is intended that these measurements should serve to convey the general 
environmental conditions prevailing just prior to the beginning of the 
tracer experiment.
Method of Counting Fluorescent Grain® —  Core samples collected 
during the experiment were later extruded from their plastic liners 
and the top 0.5 in. (1.3 cm.) removed with a small spatula. Each quantity 
of sand thus obtained (1 . 6  in.3, 26 cm.3) was washed and dried prior to 
examination under long-wave ultraviolet light for an initial estimation 
of the tracer grain content. Samples estimated to contain approxiiaately 
1 0 0  tracer grain© or less were left intact while those estimated 
to contain significantly more tracers were split one or more times using
All data pertaining to the environmental factors measured in
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a CA&PCO micro-splitter. Each sample or subsample was then spread 
evenly, & portion at a time* over a rectangular grid in a counting dish 
and moved about with a small probe to insure exposure of all tracer 
grains. The total number of tracers in the dish at one time was obtained 
by summing the number of fluorescing particles In each grid square* as 
viewed in turn under a low*-power stereo microscope* For samples that 
required splittings the total number of tracer grains per unit volume 
was estimated by multiplying the attbeanple count by (2 )^ , where M 
equals the number of times the original .sample was split* The 
supplementary hand ©ample® were split to obtain the approximate unit 
volume of the core sample®, then the samples were subjected to the usual 
counting procedure.
A saua&er of duplicate counts using the same field sample were 
compared for an analysis of the counting error; except for samples 
with very small tracer concentrations, this error usually varied between 
2 and 3 percent. Tracer concentrations for the 42 samples of the 
sampling grid (fig. 4) are listed in table 2 ,
Method of Rapid Sand Analysis —  Sand samples collected during 
the experiment, including the samples subjected to tracer counting 
procedure®* were analysed using a Woods Hole Rapid Sand Analyser 
(Zelgler, et al.» 1960). The instrument was modified* having a fall 
tube with a 4.0 in, (10 cm*) 1,0, instead of the standard 2,0 in. <5 cm.)
I• D •, and having an improved release mechanism consisting of a 250-meah 
screen applicator instead of a gate-type device* The basic procedure 
followed for the present analyses has been outlined by Harrison and 
Morales-Alamo (1964), Briefly stated, the procedure consisted of placing 
a 7 - 8  get, sample (previously washed, dried, and split) on the screen 
applicator and wetting it. ‘This 1® followed by inversion of the sample
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sad application to the water surface at the top of the fall tube (rupture 
of surface tension effects the actual sample release). As the first 
few grains reach the lower limit of the pressure field (length - 1 . 0  m.), 
a mark is made on the accompanying pressure-time curve to establish a 
plateau value representing 100 percent sample pressure (weight). Beyond 
the plateau mark* falling pressure values and corresponding times are 
noted at five percentile points (P^ » P^, Pg^, and P9 5 ) and used
to compute the mean settling velocity, V * as
100
U_ ** — (cm./sec.)
where T - ? 5  * 2 ? 1 6  ■* A*?°. * 2 ? 8 4  + i 9,5- (sac./a.)
8 10
Precision estimates of particle settling velocity made by 
successive runs of a sample of green tracer were approximately ±0 . 1 0  
cm./sec. All samples were analysed in fresh water and were corrected 
using the tables of Zeigler and Gill (1959) to standard settling velocities 
at 24.0*C.
Figure 6A is a graphic representation of Us varying with distance 
along the Pendelton Transect during the times of two adjacent high tides, 
figure 6 B is a contour map of the distribution of U within the area of 
the tracer study on September 17 at 11;G6 AM, These distributions are 
important to the study in that they show the extent to which the green 
tracer sand matches the in-situ sand as regards settling velocity; i.e., 
figure 6 A indicates little net changes in values of Ug over one tidal 
cycle, and figure 6 B shows that U@ for the tracer (4.16 cm./sec.) falls 
at the lower end of the in-situ range of U_ (4.0-6.0 cm,/sec.). Inasmuch
I J. 1 — T  — —  —  g :
as the latter amounts to a range in grain diameter of 0.29-0.40 mm., for 
a Corey shape factor of 0.7 (Zeiglar and Gill, 1959), the matching of
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Average io^altu tracer particle ■$»lzm was achieved, therefore, to within 0 * 1  mu
Regardleas of the degree to which tracer particles match in~®ifcu
particle® in sisse, it is evident from the distribution of if. shown is«$
figure 6 B that a certain amount of siase sorting occurred within the area 
of study. 1 1ms, the inshore limit of the swash son© (fig. 3) and 
scattered areas within the surf zone (hatched contours of fig* 6 B> 
have low values, and are visualised as us inks’* toward which the 
relatively fine tracer grain® will migrate. This type of grain motion 
is viewed as an inevitable occurrence in a changing natural environment 
such as that of an ocean beach, and must be considered an integral part 
of the overall movement of beach sand due to the major transport mechanisms. 
Whsrevsr the effects of sorting show a tendency toward® local accumulation 
of tracer particles, one must depend upon appropriate statistical methods 
to separate local variations from regional trends in particle dis­
tribution. These methods will be discussed later.
Method of Computing gereshot# Iresioo-Beposition — * Changes in 
elevation of the beach surface were used to compute the volume 
of sand eroded from (-) or deposited upon (+) the foreshore over one 
tidal cycle, or between successive high tide® in this instance.
Elevations! data obtained from rod measurements before and after one 
tidal cycle were profiled at a 1:1 reduced scale on 8  ft. lengths of 
K.&3S. Albaxume paper. Figure 7 shows schematically how the areas between 
two profiles (measured by planineter)» when multiplied by a unit beach 
length, gave the net change in volume, (}%. Due to small changes in 
elevation, profiles were carefully drawn on a large scale in order to 
avoid excessive measurement error®. These errors were probably less 
than ±2 . 0  ft. 3 for final estimates of Q^.
25
Data Analysis
Distribution of Tracers ■— ■ A preliminary analysis of tracer 
distribution in space and time was undertaken to determine the nature 
of resulting dispersal patterns. The tracer concentration data (table 2) 
were grouped into five row-column matrices, each representing a single 
sampling time. Because of the physical evidence for two distinct 
dynamic zones (p. 8 ), it was deemed necessary to test to see If the 
force® present in the two dynamic zones produced significant differences 
in the distribution of the tracer particles*
For each of the five sampling times, the tracer concentration 
data were stratified into two groups; namely, counts made in the swash 
zone consisting of the shorewardmost four rows and seven columns of 
the original data grid, and the counts made In the surf zone consisting 
of the seaward/most four rows and seven columns. Thus, an overlap of 
one row was planned between zones* After summing the column values 
for each zone, a chi-square test for horaogaxiiety (particle displacement 
in the swash zone versus particle displacement in the surf zone) was made 
for each of the five sampling times. The results (table 3) Indicate 
that the data are not homogenous and the displacement values of the 
two zones should not be analyzed as one.
Fourier Trend Surface Analysis —  Trend analysis offers an 
objective method of examining mappable data. This technique involves 
the computation of mathematical surfaces of ”best fit". The mathematical 
derivation of trend surfaces reduces the subjectivity involved in free­
hand drawing of isopleths and often reveals in a relatively objective 
manner the inherent "trends” present in the data and also the extent to 
which these trends account for variations from the data mean. In this
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study tread analyses were used to outline the basic patterns of tracer 
particle dispersion.
Basically * trend surfacing is an extension of the simple linear 
model (p. 10). For a given set of mappable data, the variation may b® 
separated into two components; 1 ) a mathematically defined trend 
component* and 2) a residual component* the deviation. The form of 
the trend component for polynomial functions is
\  * aQ 4 m$V 4 aaV *1* a^Uz * a^UV 4- a§ ¥ 2 4* agU 3 -f «7 U2V 4* .... (1)
where U and V are coordinate values locating the nth observation point 
on. a rectangular grid * 3^ is the value of a given property at that 
point measured along an ordinate perpendicular to the grid, and a , a ,V i
a2, .... are coefficients. For a given number of coefficients, n 
aquations <n observations) may be solved simultaneously* with the ct>~ 
efficients aa unknowns using least squares fitting. Substituting the 
coefficient values into equation (1 ), trend surfaces may be computed
for map presentation. This type of trend surface, kaosm m  the 
polynomial tread, was first used by Miller (1956) and has since been 
employed by many investigators, among them Whittea (1963) who presented 
an excellent summary of methods together with a computer program for 
performing the necessary calculations.
A more recently developed type of trend surface known as the 
Fourier trend, has been described by James (1966a). The reader is 
referred to this work for the details of the methods involved. The 
basic equation used is a double Fourier seriess
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KC LC
•‘:(UjV> “ 4 ^  CCli«.a<2 *iU/M)co.C2,jV/N)
KC IS
4-1: Z ci# cos <2wlU'/H) sin { 2 tr j V/N } 
lj
KS LC
+ Jx •«^j»i»<2 wifl/fc)eos<2 *JV/H)
K$ KS
* £ S ss.. sin(2*iU/M) sin (2ir j ¥/M) 
i**X J* 1 * J
where 0 ** the North-South coordinate axis increasing to the
South and with origin at northern map edge
V «* the East-West axis increasing to the East mid with 
origin at the Western map edge 
X^j yj ** mapped variable
H *» wwxlxmm 0  value plus one 
H * maximum ¥ value plus one 
EC » maximum cosine harmonic in 0 direction 
LC • maximum cosine harmonic in ¥ direction 
ICS ** maximum sine harmonic in 0 direction 
LS «* maximum, sine harmonic in ¥ direction 
If H is even, KC * M/2; KS * (M-2)/2 
If N is men, LC » M/2; LS - (H-2)/2 
If M is odd, KC » KS • <M~i)/2 
If N is odd, LC * LS * <M-X)/2
cc^j, cs^j* 9Ciy ar® ***• coefficients of the
series, linearly combined. 
h comparison of polynomial and Fourier trend surfacing techniques, 
has been presented by Krumbain (1966)*
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The Pendelton tracer concentration data, arranged in map fashion 
on the sampling grid (fig. 4) were analyzed by Fourier trend analysis 
using a computer program called FOURFIT (James, 1966b). The program 
imput requires values determining the degree of the surface desired 
which is a function of the number of coefficients employed. It was found 
that the 25 coefficients of the first and second harmonic terms produced 
surfaces of sufficiently high degree of fit to account for approximately 
80 percent of the total variability. Variability was computed from 
the following formula:
EX2 COBlp - (EX )2/n 
SS (%)--- — 5— 2------------. x 100 (2)
EX obs - obs
where ^0 |jS ** the observed value of tracer concentration at one point 
and * the computed value at that same point. Equation (2) gave
information as to how well the trend surfaces fitted the actual distribution 
of data in each case. In general, whenever 80 percent of the variation 
can be accounted for by the trend surface, the "fit” of the computed 
surface is considered excellent* Another output value of program FOURFIT 
was the computation of which determined that each fitted surface
was significant regarding separation of the mathematical trend from the 
deviation.
Figures 8-12 are continuous-symbo1 maps, produced by the computer, 
showing in plan view the distribution of tracer concentration® at five 
10~mlnute time intervals (five data series). In place of areal dimension 
values U and V of program FOURFIT, X and Y values were substituted in 
accordance with the previously defined grid system of this study (fig. 4). 
The map contours at 10-minute® indicate a single well-defined mode of 
tracer concentration with values steadily diminishing therefrom. Some 
skewness is evident toward the upper-left hand corner of the map.
The 20 and 30-®inute series show the same skewness with some southerly 
displacement of the central mode. In addition, an. overall decrease In 
the magnitude of the concentration contours may be noted. The 40 and 50- 
minute series indicate the development of a blmodal distribution of 
tracer concentration with one mode occuring in the southerly (downdrlft) 
direction in the swash rone and the other remaining near the release 
points in the surf zone*
The aforementioned maps reveal Information that would be difficult 
to obtain fro® a hand-drawn contour map. Mathematically derived surfaces 
way show the effects of the physical mechanisms acting on the tracer 
grains amid the inherent variation present in any complex environment.
One such mechanism, particularly evident in nearshore regions, is that 
of turbulent diffusion, and concentric patterns of tracer dispersion 
about a point source have been predicted from the theory of this process 
acting in fluids (Roberts, 1923; Ealtiner and Martin, 1957, ch. 16;
Murray, 1967). Although better models for depicting the effects of fluid 
turbulence on conservative properties undoubtedly exist, the Fourier 
trends of figures 8 - 1 2  appear to take into account these effects as 
well as those due to the application of fluid stress on randomly moving 
grain® (i.e., tractive forces) to give an approximation of the ideal 
distribution of tracers with time. Two features found in figures 8-12 
are worthy of note, namely; 1 ) a gradual separation of the original 
tracer mass into two distinct concentrations, and 2 ) a central or unlmod&l 
tendency within each of these concentrations. The first of these 
features further reveals a southerly displacement of the shorewardmost 
tracer concentration relative to the seawardmost concentration. With 
regard to the second feature, a cross-section through one of the trend 
surface maxima in either the X or Y direction would strongly suggest
unlmodel distributions similar to those expounded by Bruim (1965) and 
Tasso (1965) in the time integration method (p. 6 )«
Bivariate Data Analysis — * Having obtained evidence from the 
Fourier trend maps of figures 8-12 that the tracer particle concentrations 
shown therein had discernible patterns in time, a method of quantifying 
the movement of the tracer particles (and thus the movement of the in-situ 
population of ordinary sand particle®) was devised. It was intended 
that this method should follow the basic concepts of the stochastic- 
process model (p. 1 2 ) in that a family of random variable® should be 
employed, all having a common tlme-parameter. By defining the family 
of variables in terms of spatial coordinate®, appropriate statistical 
procedures were adopted to analyze quantitatively the movement of particle® 
whose position® are denoted by these ssae coordinates*
Considering tracer recovery data, imagine that the ith particle 
recovered has coordinates Z^ and with reference to the sampling grid 
(fig. 13)♦ At any time, t, the values of the coordinates may be considered 
as two separate components of the. ith particle displacement a® measured 
from the grid origin although at tine t» 0  the ith particle may, in fact, 
have lain a long way from this origin depending on where this particle 
was injected into the system.* The ith grain, then, upon its recovery 
become® a single item la a sample consisting of many such grains where 
two variables are being examined, the X and the Y displacement®. Such 
bivariafce data allows the notions of the grain® to bm treated as random.
Employing the concept of random particle displacement, bar graphs 
of tracer grain frequency versus X and Y distances in feet are presented 
in figures 14 and 15, respectively. These graphs were constructed by 
summing column values to obtain the frequencies of the X displacements, 
and by sowing row values to obtain the frequencies of the 1 displacement®
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within two slightly overlapping areas representing the swash and surf 
ssonas two 4x7 data grids, p. 25), Although set coordinate
values in 15 and 25 ft. increments were selected for sampling* the entire 
population of displaced particles (represented by the total number of 
grains in 1 0 0  lb®, of tracer) could have assumed any of an Infinite 
number of position®, hence, the horizontal seal© in the graphs of figures 
14 and IS is continuous. One can speculate as to whether or not the 
particle displacements approximate a certain continuous statistical 
curve* such as that given by the normal distribution.
Without testing for normality, most of the bar graph distributions 
in figures 14 and 15 were assumed to be representative of normal 
distributions on the basis of a visual comparison with equivalent 
normal curves (solid lines in each graph). These curves were constructed 
according to an abbreviated method fro® Krunbela and Oraybill (196§» 
pp. 181-183). Heglecting skewness in some instances (e.g., surf rone at 
1 0  minutes, fig. 15), the assumption of normality was considered reasonable 
for the majority of cases.
The major statistical measures commonly applied to a normal 
distribution were calculated for the displacement data of figures 14 
and 15 using a revised version of computer program MAT (Seymour, 1956), 
a computer program for obtaining blv&riate means and medians. These 
measures were required in order to I) examine the distribution® of 
tracer displacement values, 2 ) determine where significant mean differences 
occur, and 3) utilise these differences to quantify particle motion.
The following computations were made and Included in the output program MAT:
M
SA *» S A, „ si® of recovered grain®, or sample size 
1*1 *
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H
SX • £ s%m **** X displacement©
«fe*l
X » SX/SA» mean X displacements 
N
SSX * £ X2 ,A. 9 sums of squares of X displacements 
1*1 x x
CSSX « SSX~(SX)2 /SA» corrected sums of square®
MSI « CSSX/(SA-1.D)* mean square* or variance 
BMSX * JtiSX, root mean square, ©r standard deviation about the mean
The remainder of the program was devoted to computation of the 
blvariat© median through an iterative least squares process. This measure 
locates the ‘’center of gravity'5 of the distribution of X and X value©.
Graphic plots of the median for different times revealed highly erratic, 
and obviously erroneous, pattern© of tracer particle movement not 
amenable to further use.
Table 4 contains the printed output of the MAT program pertaining 
to the displacement means. The means were plotted against the five 
sampling times of the eaipertmeat (fig* 16) with confidence intervals at 
the 95 percent level placed about each mean. Examination of figure IS 
reveal® several point of information concerning the tracer particle 
movement in two directions within the two zones: 1) in the X (alongshore)
direction the mean particle displacement values decrease almost linearly 
with time in the swash zone, which Is in keeping with the directional 
sense of the predefined coordinate system and is in agreement with the 
motion imparted by an existing southerly longshore current (table 1, V);
2) X displacement in the surf zone appears to be nonlinear over the 50 
minutes total travel time with overlap of confidence intervals between 
some of the adjacent means; 3) X displacement in the awash zone remains
almost constant, indicating little or not net motion of the tracer grains
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here In the onshore-offshore direction; 4) a net linear displacement 
exists in the offshore (Y decreasing) direction within the surf gone.
It may be remembered that the data points in figure 16 represent 
the mean of a group of displacements occurring at each point of elapsed time 
following the release of the tracers. This is a consequence of the 
stochastic process and an indication that simple linear regression 
of time on displacement, which some of the diagrams in figure 16 appear 
otherwise suited for, is not appropriate here.
Comparison of Group Means — » The information derived from
figure 16 permits a qualitative analysis of the general motion of the
tracer particles. It is desirous that a quantitative analysis be made
as well. Before an attempt is made to do tills, two basic facts must 
be recognized at this point. First of all, only the tracer distributions 
themselves are followed through time; no information exists about the 
paths followed by specific particles. Hence, on© cannot "pair” 
successive particle displacements of specific grains and use these as 
raw data to obtain a mean displacement covering the entire period of 
experimentation. Instead, at regular intervals of time (10, 20, 30 
minutes .. •.) there are group means which can be compared successively. 
Secondly, an allowance must be made for an anomalous displacement at 
the time of tracer release which will affect particle displacements 
during the interval 0 to 10 minutes (fig. 16). The latter result is 
due to an unavoidable circumstance, the introduction of tracer into the 
upper portions of the water column during release. Normally, sand grains 
move by rolling or saltating at or near the sediment-water interface, 
traveling much slower here than they would in the presence of higher fluid 
turbulence and advection at some distance above the interface. Therefore, 
some time must be allowed for tracers to become fully entrained in the
existlag sedimentary transport system.
lath pat* of adjacent (tlma-stiecasaiv*) group means of the 
particle displacement data were compared for significant differences 
by m m  of the ut*‘ test at the 95 percent level of confidence (Snedecor, 
1956, p. 207). These tests were the basis for inferring a mean difference 
between the true populations of tracer displacements which could, in 
fact, be zero Indicating no net particle motion over the time interval 
specified. The result© of the test®, summarised in tables 5 sad 6 , 
indicate lack of separation of mmm of the group means for the I 
displacement® in the surf zone, and the J displacements in the swash 
zone. Where this occurs, a net particle notion ©f zero cannot be 
disproves*. Accordingly, no further attempts to quantify the motion of 
tracers in thasc zones were made, assuming that a lack of significant 
mean difference anywhere la the corresponding tiae-d displacement curve 
of figure 16 meant either a lack of significant net motion over the 
entire period ©r that an acceleration (nonlinearlty) within the motion 
was present*
Time-Stratificatlon of Maan Displacement —  Because of the 
significant difference® between each pair of group maan displacement® 
tested (tables 5 and 6 )» the X displacement values for the swash zone 
and the ¥ displacement values for the surf zone were found to represent 
components of not particle motion of non-zero magnitude in each case.
Ala©' figure 16 shows & pronounced linearity in the trend of group 
mean displacements over .the time interval 10-50 min. for these particular 
component®. These factors allow one to consider the act motion of tracer 
particles for the above zones mod directions as being both finite and 
uniform* Imagining, therefore, a population of particle displacements 
which vary only with time (except for a certain amount of random variation)
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a tirae-stratlflcation scheme can be utilised which will permit derivation
of a single mean displacement representative of the entire sampling period*
An estimate of the mean of the total population is made using
-  ZHJL
Sw * ~TW£~ <3)
where is the number of items (particles) in the t th strata® and st
is the sample mean in the t th stratum. Equation (3) is the weighted
mean, in either the X or the Y directions, of all tracer displacements,
However, whereas values of X and Y displacements have heretofore been
relative displacement® (relative to the aero point of an arbitrary grid
system), values of 3^ will be made absolute by the following formulation:
StCK) «* lt ~ <X0  + Xp); Sfc(Y) * Y£ - <Y0  + Yp) (4)
in which X and Yo are the maan release points of the tracer at time
t «* o, x"t and Yfc are the maan displacements in the jt th time stratum,
and Xp and Y are termed ''impulse" displacements occurring during the
first few second® after tracer release, Values for th© last two parameters
must be estimated separately using a regression technique. The formula,
(4), yielding ¥fc(X) will give positive values whenever the displacement
is positive in the sense of the coordinate system.
Regression Estimate® of X and Y —  The initial rate® of motion
 :___ ______ __ _____.^_E. Jl
of the tracer particles, even whan released close to the bottom, were 
probably of a relatively high magnitude* Average settling velocity 
of th# tracers (4.16 cm,/sec.) would account for a second or two of 
suspension, such suspension being augmented by the effects of fluid 
turbulence* In addition, many tracer grains were deposited in quantities 
sufficient to produce a slight local elevation of the bottom upon which 
fluid force® would act to remove almost immediately working the grains into 
positions more in equilibrium with the prevailing flow regime,
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Ho direct method of estimating Xp end fp Is known t© the author; 
therefore, reliance was placed on a regression estimate using the 
standard aquation
jfe
d «* a + b t:
where d the dependent variable was chosen alternately as th# X and Y 
displacement, with time <£> as th® Independent variable aad a, b as 
regression parameters. In this instance, it is the X-axis intercept, 
a, that is required. Two estimates of a corresponding to the X and 1  
directions were obtained by plotting, the appropriate displacement 
values individually against time using data given in table 2 , These 
plots were not intended for predictive us®, rather they were a means 
of estimating certain unique values, otherwise unknown. Th® a values 
computed were a reflection of th# expected displacements at time t m © 
based on a form of extrapolation from the displacement® at t « 1 0 , 2 0 ,
. 3 0  minutes. Figure 17 shows this procedure graphically. Estimate# 
of Xp and ¥p were taken as the differences <•* or -) between estimates 
of a and the corresponding release displacements (X0 and Y0), under th© 
assumption that the time required to produce Xp and Yp was very1 small 
compared to the lowest measured travel time of 10 minute®. This 
procedure adjust® the coordinates of tracer particle injection into the 
system at t « ©* thus minimizing th# effect® of impulsive (forced) 
tracer movement due to the method of release. Hi® sign values of 
Xp and Yp are in accordance with th® directional sense of th© grid; 
e.g., an initial Impulse, Xp, in a southerly direction (decreasing X, 
fig. 17) would have a negative sign value.
Regression analyses of th# data of table 2 yielded a values of 
110,64 ft. (33,70 ».) and 41.99 ft. (12.60 a.) for the X direction 
in th© awash zone and the Y direction In th# surf zone, respectively.
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Since X0  *» 125.0 ft. (38.2 au) and Y0  ** 45.0 ft. (13.7 tn)» estimates 
of Xp and Y^ were -14,4 ft* (4.4 a.) and -3.0 ft. (0.9 ®.), respectively.
The latter two walum were entered in equation (4) to yield adjusted 
values of mean displacements.
Estimates of Mean Particle Velocities —  la applying normal 
statistics to the present set of tracer data* primary attention was given 
to an analysis of particle displacement because this variable alone 
possesses a component of randomness requiring statistical analysis.
However, as previously mentioned (p. 14), the present model incorporates 
a continuous tlme-parameter which 1® not random. This pars®®ter was used 
to compute the estimated mean particle velocity of the total tracer 
population once an estimate of the mean displacement of particle® in 
the population had been determined. Thus* mean velocity, w, was obtained 
by dividing th© final mean displacement as computed using equation (3) 
by th® average travel time (30 minutes). The resultsimp®:
Swash Zone -
iw (X) » 13.22 ft. (4.04 m.) (south)
v(X) * 0.44 ft./sain. (0.22 cm./sec.) (south)
Surf Eon# -
S (Y) * 11.13 ft. (3.40 ».) (offshore)w
v(Y) *® 0.37 ft./min. (0.19 cm./see.) (offshore)
An evaluation of th© error associated with th* above mean velocities 
revealed three possible sources; 1 ) the method of computing the final 
means of particle displacement, S^(X) and 8W(Y); 2) the regression
estimates of Xp and using a; 3) various field measurements in time 
and space. The first of these sources contain® th® error of the second 
two, and all three enter into the final estimate of th® mean particle velocity.
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Wot th® swash & m m  mad the surf soae} th® standard errors of th® mean 
displacements %(1) and %<T) ware found to ha 0,31 ft, (9,5 cm.) and
0.20 ft. (6,1 cis.), respectively, or shout 2.3 percent for the former 
and 1*8 percent for the latter. At the 95 percent level of confidence,
SV (X) sad SW<Y) are expected to have fallen within ±0.61 ft. (±19 cm.) 
and ±0.39 ft. (±12 cm*) 9 respectively, of the true population means.
These interval estimates, divided by the mean travel time, will suffice 
for the mean particle velocities as well9 provided that the average travel 
tine (30 minutes) was determined exactly. This was probably not the 
cas®, as all field samples could not he collected simultaneously at 
their designated recovery times; nevertii*leee» all sampling was done
in order, so that a given station was visited once every 1 0  minutes,
allowing several seconds of error. Assuming that time errors are not 
cwulat.lv© from one sampling period to the next, average travel time 
was probably accurate to within ±1 minute. Accordingly, the variation 
du© to time of sampling may have caused an error of approximately 
±0.02 ft./mim. (±0.01 cm./sec.) which Is additive to both velocity 
estimates. The final estimates are thee
v(X) «® 0,44 ±0.04 ft./mln. <0*22 ±0*01 cm./sec.)
v(Y) • 0*3? $0.03 ft./sain. <0,19 ±0.02 cm./sec.)
Discussion of Results 
Comparison of Particle Movement and Environmental Factors —  A 
comparison was 'made regarding what is known or theorised about the movement 
o£ beach sand In the nearshore region* and the results of the present 
experiment. This was not m  attempt to extrapolate the data obtained 
in any way, as it is not intended that these results should taka the 
forts of a prediction of average conditions in the vicinity of Virginia 
Beach.
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King (1939, pp. 125-127) give® an account of tank experiments 
In which deep water wav® steepness (height-to-lesigtb ratio) was related 
to sediment movement inside the breaker acme, Her experiments revealed 
a critical deep water wave steepness (Hr0 /I*0) of 0 . 0 1 2  which* when 
exceeded, resulted in seaward movement of bottom material, the amount 
increasing with wave steepness and decreasing with decreasing water depth 
in a shoreward direction. It was further shown that an onshore wind 
markedly Increased the rate of seaward transport. Seville (1950) 
conducted tank experiments which showed that longshore transport of 
sand was linked to wave steepness. For breaking wave angles ©f 10 
degrees, Seville found a critical steepness value of 0.03, differentiating 
steep-wave transport in the breaker seme m  opposed to flat-wave transport.
In the Feudal ton field experiments, deep water wave steepness was 
computed using }{ and T0 (table 1 , Sept. 17) as entering arguments 
in appropriate graph® and tables found in Wiegcl (1964) for progressive, 
linear wave® in both deep and shallow water. A value of 0.0092 was 
obtained for the deep water wave steepness at the time and place of th® 
experiment. This steepness value, based on present knowledge, is con­
sidered indicative of a flat wave regime. This regime was accompanied 
by a light onshore wind (ME at 6  kts.).
By way of comparison with Seville's results, it may be noted that 
longshore transport of sand was evidenced in the swash zone during the 
present experiment, as would be expected for a flat wave regime.
Regarding King3® experimental evidence, the offshore transport ©f sand 
In the surf jcoae of the Pendelten Transect w m  not in the direction 
expected, based on flat wave conditions. However, discrepancies have 
been noted between critical steepness values for field and laboratory 
waves, with some evidence showing that field values may be lower by 
comparison (King, p. 250)* Moreover, King's tank experiments did not
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specifically recognize a surf zone - swash zone delineation shoreward 
of the breaker zone as is often observed in the field.
Haraada's (1951.* pp. 93-94) work on model beaches specifically 
recognized a surf rone shoreward of the breaker zone, and for spilling 
type breakers, he observed a well-developed return flow (seaward) along 
the bottom in the surf zone. In addition* field zuaasuraments la the 
surf zone by Shepard and Inman (1950) and Schlffiaan (1965) have revealed 
the existence of a layered flow with a persistant seaward component 
along the bottom. In theory, net shoreward transport of surface water 
is balanced by seaward bottom flow in a system of circulation about the 
horizontal axis* whereas intermittent "rip” currents generated by long­
shore water transport are part of a separate circulation about a vertical 
axis (Hamada, p. 94). The bottom, flow, measured at consistently better 
than 1.2 ft./sec. by Schiffmaa* probably best explains the seaward 
particle displacement, SW (Y), of this study.
A value of Q|? was computed (p. 24) from the environmental data 
which corresponded to the net volume change that occurred in a unit 
length of the foreshore, from one high tide to the next, prior to the 
tracer experiment on September 17. This result is given in table 1.
Using the basic graphic data (beach elevations plotted along th® foreshore 
width normal to the shoreline)» the net value of was separated into 
its positive (depositions!) and negative (erosional) components and the 
general location of these components noted in relation to th® grid system 
of the tracer experiment. It was found that almost all of the erosional 
component of Qf (4.02 yd-3, 1.11 m,3) was distributed along a 40 ft. 
section at the seaward edge of the surf zone and beyond. Thus, active 
erosion in the general area of tracer release was concomitant with sand
accumulation in the outer surf rona* toward which tracer particles 
steadily moved. Also, there was little net change over most of the 
swash sane which agrees well with the laclc of an offshore-onshore 
component of tracer displacement there {fig. 16). These comparison® 
are important* Inasmuch as they demonstrate u unique type of information 
obtainable through the use of tracers*' I.e., tracers can give the 
observer an almost instantaneous picture of the trends in sediment 
movement as opposed to a much slower* ttee-averaged result obtained 
through profile measurements. This fact allows one to utilise 
tracers In preliminary Investigations of a site chosen for more extensive 
study* as well m  to correlate sand movement with environmental factors, 
measured simultaneouslys in a given tracer experiment.
of Mean Particle Velocity with Expected Particle
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Thera are several examples in the literature in which 
estimates of longshore particle velocity have been made- using sand 
tracers. These estimate® are compared with v{X) values obtained in 
this study. However,, no mtiMAtm® have been made, iasofar as the author 
is aware, of the particle velocities between dynamic sones in the onshore- 
offshore direction. Ingle (1966) observed that some of his tracers 
moved from the inshore to the offshore, regions under the influence 
of rip current® (a fact made obvious by the turbid appearance of the 
seaward-moving "heads'' of these currents in otherwise clear water), but 
did not attempt to quantify this movement. Others (Zeigler, at al.,
1959; Bowen and Inman, 1966) have discussed in a general way the 
budgetary aspects of onshore-offshore sand deposits. Probably longshore 
sediment transport has received more attention because. > compared to 
onshore-offshore transport, it is easier to measure, it continuous 
over longer distances, and is important to the design of breakwaters
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and groins* This is perhaps unfortunate, because many laws tigs tors 
tend to assume that longshore sediment transport occurs in a closed, 
two-way system with no loam of tracer material either seaward or at 
depth* That such an assumption Is unlikely is beat released in certain 
cages of severe shoreline erosion (recession) where longshore currents 
are practically zero. At any rate, there are no means of comparing 
v(Y) at present.
The numbers of estimates of longshore particle velocity are 
few to date, some of these being in the form of pilot experiments 
mentioned in preliminary progress reports (e.g., Inman, 1967). Even 
final reports, however, point out that m wide range of estimates of 
velocity values are possible. Slebold (1963) reported average particle 
velocities ranging from 0.5 ft./sda. to 5.5 ft./aim. for low-energy 
waves on the Baltic coast. Ingle (1966) reported the results for a 
series of experiments on the California coast under somewhat greater 
vave-enargy conditions, obtaining particle velocities of from 3.6 to 
22.7 ft./mln. (with an average of 10,0 ft./minv).
It appears from these examples that the value for v(X) of
0.44 ft./sain, in the present experiment represents a rather minimal
particle velocity. However in view of the environmental data (table 1)»
this result does not appear unreasonable. For example, the angle of
wave approach was only 4 degree®, and mean breaker height was less than
2 ft*. Such a combination of factors would tend to produce a low
component of energy parallel to the shoreline in the direction of
particle movement. In addition, a low value of the mean foreshore
slope (about 2 deg., m., table 1 ) and a fairly long wav® period
(about 6 sec., T , table 1 ) were expected to have minimired this 
&
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component, The alongshore e©»po**®nt of wave-energy proved to he the 
only dynamic variable that Ingle could correlate with his range of 
tracer grain velocities» and* if one can judge by hi® result®- (pp. 
151-152)* very little correlation exis-is between grain velocities 
and other seemingly important variables such as longshore current 
velocity. Ingle used a value which he termed the relative alongshore 
energy5 computed a®
H? (cos a sin a) 
b
to obtain his best linear correlation (r * 0.85) with average tracer 
grain velocity* deriving the regression equation
T » 5,012 + 3.8321 
•whore X and T are respectively the energy and velocity variables.
One notes that the intercept of this line indicates a grain velocity 
of slightly more than 5 ft./nla. for aero alongshore wave energy. 
This rate of movement is then an approximation ©f the error involved 
in Ingle *s area-integration or depletion method of obtaining mean 
tracer velocities (pp. 5-6)* inasmuch m  a reversal in direction 
©f alongshore wave energy would demand that the corresponding 
reversal in particle velocity pass through aero. Part of this error 
may be due to the lack of any aosas of adjusting velocity estimate# 
for nonroprosoutatlve initial grain notion (X and in this study), 
Another reason for the above error in the depletion method 
of tracer analysis may lie in the fact that no account was taken of 
possible tracer dilution with some loss of material at depth. Such 
dilution was found to be a limiting factor as regard# running time 
of flume experiments with radioactive sand tracer# (Crlcksaore and 
Leaa* 1962a). Figure 18 is a diagram showing how this may occur.
Boon (1967) eomducted a field study of tracer distribution patterns
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ob a carbonate beach at several depth intervals within 39 sand cores 
and observed that significant amounts of tracer occurred locally in 
some samples as much as 10.0 cm. (4.0 In.) below the surface. Using the 
area-integration method, such quantities of tracer would be erroneous­
ly credited with having left the study area through surface travel, 
thereby causing a biased estimate of particle velocity. Figures 14 
and 15 show graphically that, although an overall diminution of 
particle frequency did occur with time in the present experiment, 
the distribution of particle displacements remained well defined for 
those tracers remaining at or near the surface within the active zone 
of transport (mobile layer). Conversely, any tracer particles falling 
below the zone of active transport were without means of appearing in 
the core samples, and therefore could not affect horizontal particle 
velocity estimates v(X) and v(Y).
Using the time-integration method, Yasso (1965) obtained 
grain velocity estimates in the foreshore (swash) zone of a beach 
at Sandy Hook, New Jersey. For a 5.3 second breaker period having a 
maximum height of 0.73 m. (2.4 ft.) and an angle of approach of 
approximately 5 degrees, he found maximum longshore particle' veloci­
ties of between 2.0 cm*/sec. (3.9 ft./rain.) and 2.8 cm./sec. (5.5 
ft./mln.) as indicated by arrival times of the first few grains at 
a known distance from the point of release. However, the average 
particle velocity as denoted by the arrival time of the main body 
of tracer was only 1.2 cm./sec. (2.4 ft./rain.)* The latter value is 
still higher than the mean particle velocity (0.22 era./sec., 0.44 
ft./rain.) obtained at the Pendelton Transect, even though wave 
conditions were very nearly the same and bottom slopes in the swash 
zone were almost identical (about 6.5 deg.) for both areas. Figure
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If is a graph taken fro® lasso1® report which gives the frequency- 
time data of hi® tracers for a travel distance of 30.5 ta. (100 ft.).
An immediate similarity way be seen between this graph and figures 
14 and 15, the main difference being in the choice of the variable,
i.e., time as opposed to distance. In regard to sampling procedures, 
however, Yasso sampled only a 3.0 i. (9.8 ft.) section perpendicular 
to the shoreline beginning at the backwash limit and moving shore­
ward. One can question, therefore, whether the movement in the 
remaining portion of the swash seme, whose total width was not given, 
was of similar magnitude. Xt may also be noted that the arrival time 
of the maximum tracer concentration in figure 19 (lasso stated that 
it was 42.3 min.) Is a unique value which must be accepted as is;
i.e., no comparisons are possible with time and thus no initial impulse 
displacements (X and Y^ in this study) are taken into account.
Difficult as it may be to draw conclusions from, single experi­
ments, the results of the present study suggest that previous esti­
mate® of the longshore particle velocity on ocean beaches may have 
been too high or else not quite representative of the overall particle 
movement. Ibis is not to say that under conditions of higher along­
shore energy a repeat of the procedures used her® would not yield 
such higher particle velocities. As a matter of intuitive judgement, 
there should be minimal particle velocities associated with minimal 
energy conditions.
Estimation of Mean Rate of Sand Transport —  In order to 
obtain an estimate of the rate of sand transport la a given area, 
both average particle velocity expressed as a vector, and the cross­
sect ion- 1  area of active transport normal to this vector must be known. 
Inasmuch as the direction and magnitude of longshore particle veloci­
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ty is known, along with the width of the cross-sectional area (width 
of the swash sons)* there remains only the vertical thickness of the 
mobile layer to be determined. Unfortunately, this is one of the most 
elusive unknowns in the field of beach research, and at the same time 
one of the most important; by having only slight differences in the 
thickness of the mobile layer, one can derive vastly different values 
of longshore transport.
Ingle *s (1966) estimates of mobile bed thicknesses varied 
between 0,05 and 0.10 in. on the average (p. 6); being derived a© a. 
function of his average tracer velocities, they are therefore sub­
ject to the same errors as may be associated with those velocities.
At any rate, certain facts suggest that the estimate® of thicknesses 
must be m&r® than a few grain diameters. Wherever tracer grains are 
entrained in ripples on the bottom, as they often are on beaches, it 
seems logical to suppose that their vertical excursions during for­
ward movement would be at least as much as the amplitude of the 
ripple wave form (which usually exceeds 0 . 1 0  in,), la addition* field 
experiment* with dyed sand In England (iCHtg, 1959) have shown, that 
the depth of wave-induced bottom disturbance in cm. is about equal 
to the breaker height in feet. In the case of the Pendelton Transect, 
a disturbed layer 1.8 cm. (0.71 in.) deep could then be expected.
If the mobile layer can be assumed constant at most points 
inside the breaker son®, then thickness stay be directly computed 
using the data of the present, experiment. This was done by further 
assuming that the accretions! (+) portion of at the outer limit 
of the surf zone (fig. 3) was the result of offshore transport. The 
latter is a reasonable assumption sine® little longshore transport 
was evidenced in this gone and the adjacent breaker zone forms a
47
substantial barrier against onshore transport (Ham&da, 1951. p. 96).
Using the equation
Qf(Y) » v(Y) * A 8 B 
where Q^(Y) * rate of sand accretion (1.45 yd.3 in 13 hours or 0.054 
ft.Vroln*), v(Y) ** me&n particle velocity offshore (0.37 ft ./rain.)* 
and A « unit width used to obtain Qf (1.0 s. or 3.28 ft.)* B the 
mobile layer thickness was found to be 0.50 in.. This value* by 
fortuitous coincidence* was exactly the thickness removed from the 
fop of each core for tracer counting. In like manner* the rat© of 
longshore sand transport. Qjt(X), was computed using equation (S) with 
B «* 0.50 in., A * 45.0 ft, (width of the swash rone)* and v(X) »
0.44 ft,/®in. giving an estimate of 0,82 £t»3/min. (440 yd.3/day).
This value is within the broad range of sand transport rates obtained 
by coastal engineers (Fairchild* 1966* p. 33) using profile data, A 
more exact comparison cannot be made owing to the lack of sufficient 
precision in large-scale beach surveying methods.
Recommend®t ions for future Studies —  The conclusions of the 
present study are the product of a single field experiment. It is 
apparent* therefore* that more work is required to confirm and enlarge 
upon the results. Certain basic assumptions about the movement of sand 
on an ocean beach were examined in the light of previous studies and* 
if nothing more* the data and methods given in this paper point to the 
need for a better understanding and resolution of the problems in­
volved.
Although there are many ways to collect samples of a popula­
tion of tracers released on a beach, all fall within two basic cate­
gories; on© can either collect surface grain® or take samples including 
subsurface grains. There is a definite advantage to sampling in depth
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as the results of several studies. Including this one, have shown* 
However, it nost be recognised that the number of cores or hand-grabs 
that can be obtalnad is limited by the short collection periods re­
quired if the total sample is to be nearly synchronous. Consequently, 
if only a few of the cores or hsad-grabs taken should fall outside 
the field distribution of tracers, a serious shortage of data could 
result. Da the other hand* the greased-card technique used by many 
investigators collects only surface grains, but these can be obtained 
at a faster rate over a wider area. In view of the relative advantages 
and disadvantages of both surface and subsurface Samples* one may 
wish to sake a final choice based on the specific requirements of 
the study. For example, where tracer grain notion 'in only one direc­
tion is anticipated, such a® in an inlet or an estuary, one may wish 
to use long strip® of greased-!lira* These can be unrolled along the 
bottom to pick up surface material, thereby resulting in a folly 
continuous record of particle displacements in the chosen direction 
at any given time. In sura, more field experiments are reccnmoestdec! 
to evaluate all of the method© of collection which are new possible®
Along with Improvement® in the design of sampling techniques, 
there is m need for still greater emphasis on finding the best statisti­
cal techniques for adequately describing various types of grain motion. 
The present study utilized a simple stochastic-process model Incorpor­
ating normal statistics. Beach sand movement in this model was vis­
ualized as a series of partical displacements having a component of 
randomness. Store advanced stochastic-process modeIs such as those in­
volving Harkov chains (p. 12) may become feasible with further study.
To employ a Markov model, one must find a way of locating the same tracer 
particle again and again over m sufficient interval of time without
removing It from the transport eyetern. Having accomplished this, the 
probability of a given magnitude of particle displacement occurring 
during one interval of time is than based on the displacement magnitude 
observed during one or wore preceding intervals of time* Using Harkov 
chains of sufficient length, one might ultimately be able to describe 
not only linear but periodic particle movement. The reader Interested 
in computer programs written for related experiments incorporating the 
Harkov model is referred to Krumbein (1967).
I?. SiHtiMY
The present study at the Pondelton Transect in Virginia employed a 
tracer technique that is new in several respects. Because beach 
phenomena exhibit considerable variation attributable to a complex 
variety of interacting physical mechanisms, a type of stochastic- 
process model was envisioned as having acted through the variable 
of particle displacement. The study was then designed to sample an 
infinite number of random particle displacements, X(t), where t is 
time* Each sample, then, consisted of a large number of displacements 
denoted by tracer grains recovered over a fixed horizontal grid 
system after a specific time. The number of items in the sample, or 
sample size, was therefore equal to the total number of grains 
recovered at any given time. Actual recovery of grains at any point 
was accomplished in subsamples of the beach material obtained in 
plastic coring tubes and by hand, care being taken to retrieve the 
top 0.5 in. of sand in a constant volume for counting purposes.
The resultant tracer data of the Pendalton experiment were 
arranged in a row-column matrix for certain preliminary teats.
These tests consisted of a chi-square hoaogenlety test and a Fourier 
trend surface analysis which revealed a separation of the data based 
on two dynamic beach zones, the swash zone and the surf zone. Using 
these two sets of data, bivariate normal statistics wire applied to 
displacements in the alongshore (X) and onshore-offshore (Y) direc­
tions. The resultant mean displacements (X, Y) were converted to 
mean velocities [v(X), v(Y)] after a weighting procedure was carried 
out and an average travel time was computed. It was found that a
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well developed southerly longshore grain velocity van confined to the 
swash z&nm on the day in question* while offshore motion prevailed in
the surf rone.
In addition to the grain velocity estimates finally computed 
(0.44 ft./©in. south la the swash rone and 0.37 ft./©la. offshore in 
the surf rone)a a value representing the thickness of the mobile layer 
of sand was determined using v(Y) offshore and beach profile data 
obtained during the study. The resultant thickness was about 0.50 in. 
<1.3 cm.)*
The thickness of the mobile layer* along with the width of 
the swash rone and the longshore estimate of grain velocity* was 
used to compute an independent estimate of the rate of longshore 
sand transport. Thus* using & value of 0.50 In. for the mobile layer
thickness* a value of 45 ft. for the width of swash rone (fig. 3)» 
and the average longshore particle velocity computed as 0.44 ft./©in.* 
a transport value of 440 yd.3/day (336 a.3 /day) was obtained.
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Figure X. Location map tor area of study (after Harrison, 
•t aX.. 1965).
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Figure 2. Characteristics of beeches (oftor Ingle, 1966).
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patterns.
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Figure 3. Map shoving bottom topography and position of surf 
and swash sones, Peadalton Transect, Sept. 17,
1100 hr®. (daturas arbitrary).
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Figure 4. Row-coluwn grid showing points of tracer particle 
release aa<i sand sample recovery.
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Figure 7. Schematic section of beach showing method of 
determining Q« for two successive high tides,
16 Sept.» 2200 lira, and 17 Sept., 1100 hrs. 
(modified from Harrison, et al., 1968). (A) is 
the position of top of swash on successive high 
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figure 8. Fourier tread continuous symbol map of tracer 
particle concentration 10 nisi. after release 
(contours added by the author)♦
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Figure 9. Fourier trend continuous symbol map of tracer 
particle concentration 20 min* after releeae 
(contours added bp the author).
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figure 10* Fourier tread continuous symbol map of trseer 
particle concentration 30 aim* after release 
{contours added by tbe author)•
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Figure IX. Fourier trend continuous symbol map of tracer 
particle concentration 40 win. after release 
(contours added by the author).
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Figure 12. Fourier tread eontiawiu «fibol nap of tracer 
particle concentration SO aln. after releaae 
(contours added bp the author).
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Figure 13. Schematic diagram thoviiig derivation of
bivariate displacement data for S recovered 
tracer particles.
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Figure 14. Frequency~dIsplacement diagrams for the s^ash 
gone including fitted normal curves* Sept, I?, 
1100 hrs..
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Figure 16. Tiae-diaplaceoent diagrams showing group mea 
with approximate confidence intervals# Sept. 
1100 hrs..
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Figure 17* Schematic diagram showing the relationship
between the position of tracer particles, XQ> 
upon Injection, and the "impulse" displacement, 
X_, away from the Injection point immediately 
following release* The sane relationship holds 
for the t direction*
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figure IS. Sebtaitie representation of tracer particle
4Utttlo& with lias in a sand matrix and subsequent 
*!©••" ©f tracer at depth.
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Figure 1$. Time-frefeeiicy graph for fcraeer particle*
recovered by taaso (1965) at Seedy Hook, New 
Jersey.
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TABLE 1
List of environmental factors measured near 
Pendelton Transect, September 16, 2200 hrs.(HW), 
and September 17, 1100 hrs.(HW), 1966.
Variabl e Units 1 6 / 2 2 0 0 1 7 / 1 1 0 0
ft. 1.9 1.7
m. 0.57 0 . 5 2D ft. 1.9 1 . 8
H,os m. 0 . 5 8 0.54
*b sec. 6 -:*. 6 .4
ft. 1.9 1 . 4
HS m. 0.58 0 . 4 4
Txs sec. 4 .o 5~8
77 deg. 5 4
ft# 2 * 0 3 * 2
z m. 0 . 6 2 0 . 9 8
ft./sec. 2.4 south 0 . 8  south
V m./sec. 0 . 7 2 ii 0 # 23 11
deg. 084 044
kts. 12 6
w m./sec. 6 3s lb./ft.3 63.5 63.5
Ot g. /cm. 3 1.0183 1.0187
in deg. 1.5 2 . 2
ft.3 (-054-5 (+)6 7 - 8
Q.f m. 3 (+31.54 (+)1 . 9 2
For an explanation of symbols, refer to text.
TA13LF 2
Tracer concentration ciata
C O N T R O L ? X  < f t . ) Y < f t:. ) 1 0  m i n . 2 0  in i n . 30' m i n .
A A  1 C , J C C 7 5 <,0 C C 1 * O G  C 2 0 G  0 C A  * C C C
A  A  2 c . C C 6  C a 0 C 'J 3 5 0 C  C I., O C C 3 ,- C C O
A  A  3 C » 0 C 1 A  5 * 0 c : Aft o ^ e 3 0 0 0 C A  ft C C 0
A A A 0 * 0 0 0 3 0 , 0 0 0 6 0  O C C 3 -, O C C 7 *0  00
A  A  5 C a G C  C 1 5 * 0 C 0 1 5 ft0 c C 2 3  C C ■> r r n-ft © Vft C v.
A  A  t C o  c c c 0  ft c c c A  ft j 0 C 2 0 C C r-> ft c e
A  B  1 25 o O G C 7 5 * 0 0 0 A  j ’ j C  C 1 9 3 C  C C 2 A  .> 0 C 0
A  62 2 5 * O C C 6 G  * 0 C 0 1 1 * C e C 2 c O O C 3 1 0 c -< 0
A  6 3 2 5 * 0 0 0 A  5 o 0 C 0 A f t O O C 1A  .j O C C 1 1 , C C O
A B A 2 5 « C  C C 3 0 * 0 0 0 7 ft 0 C  C 3 ,, O C C 1 c c  c 0
A  B  5 2 5 * 0 0 0 1 5 , 0 0 0 2 , 0 C C ^ C  ft ft ft c 9 ft C C O
A  B 6 25 a C O G 0 * 0  0 0 12 © 0 C  C 19 0 C  C C 6 ^ C C O
B B 1 5 0 * C  C C 7 5 c 0 C 0 3 0 0 C  C 9 * O C C 3 i c C C C
B  6 2 5 C o 00 0 6 0 c G  C C 7 8 0 0 C  C 3 7 .. O C C 2 15 ■> C C 0
B 6 3 5 C  o 0 0 C A  5 o C J 'j 12 * 0 0 C 19 o 0 0 C 7 2 * C O G
B  6 A 5 0 * 0 0 0 3 C  « 0 C 0 12 0 ' j C  l 1 3 c O C C 36 0 C C  C
B  6 5 5 C * C  C G I 5 o 0 l u 1 60 C C 9 0 O C C 3 1« C C O
B  6 6 5 0 a 0 C  C G  o 0 C 6 1 ft 0 c c A,; O C C 2 5 c C C O
B C 1 7 5 * 0 0 0 7 5 o 0 C 0 1 3 5 * O C C 1 5 8 ft C O C 2 6 1 * C C O
B C 2 75 * 0 C 0 6 0 * 0 0 0 8 5 3 a 0 C  C 6 6 9 0 O C C 3 A  2 * C C 0
B C 3 7 5 * 0 0 0 A  5*00  0 8 3 * C  C  C 8 6 9 - O C C 6 8 1 * C C 0
6 C  A 7 5 * 0 0 0 3 0 o 0 C 0 8 9 * 0 0 C BA,, O C C 1 6 1 * 0 C 0
3 C 5 7 5 . O C C I 5 0  C C 2 3 * ^  0  u 1 5 * u  ^  e A  6 * G  C 0
B C 6 7 5 o 0 C C n nr,''W  O O  C -/ 9 9 * O C C 1 0 5 c O C C 9 6 * C C C
C C 1 1 0 C o C C C 7 5 * 0 C G 6 5 0 G  C •3 n n /S Q w  w 16 5 0 ftCC
C C 2 l O C a O G O 6 C 0 Q C O 1 C 9 9 0 O C C 736  , O C C 3 3 3 f t C C O
C C  3 I O C  » 0 c c A 5 * 0 C 0 2 6 0 9 * 0 C  C 2 00  5 * 0 0  C 1 A  8 5 * G  C 0
C C A 10 0 * 0 0 0 3 0 o 0 G 0 2 1 6 o O C C 9 1 1 * 0 0 0 6 2 5 a C  C 0
C C  5 1 0 C * C 0 0 i c  * r n  X -> 0 \j ^ ^ 9 9 * 0 C  C 3 0 5 * 0 C  C 2 2 9 c C C O
C C 6 1 0 0 * 0 0 0 C 0 c c 0 1 8 0 3 O C C 1 1 -ft O O C 2 1 5 c CC«.-
C D 1 12 5 * 0 0 0 7 5 0 0 C 0 2 7 * C  0 C 1 9 * 0 0  0 1C *  G C
C  02 I 2 5 * 0 C C 6 0 * 'w A  1 7 0 0 0 C 3 7 0 0 G C C 1 A  2 > C  C 0
C  03 1 2 5 a C G  C A  5 *  0 C 0 2 A  3 5 0 0 C  C 1 8 7 ,. O C C 3 2 2 ^ C C O
CDA I 2 5 * C 0 G 3 C  3 0 C 0 1 1 1 9 * 0 0 0 1216c OOC 8 7 3 0 C  C 0
C D 5 1 2 5 * 0 C C 1 5 3 G  C 0 6 5 A  0 0 C C 6 5 3 * O C C 2 G  7 * 0 C C
C  0 6 1 2 5 a G C  C 0 * 0 0 0 9 1 0 0 0 C 15 0 O C C 2 81 * C  C 0
G D I I 5 C • C C  C 7 5 0 0 C 0 luOCC 1 0 C c 2 . C C 0
00 2 1 5 C * C C  0 6 C  * 0 0 0 3 0 0 C  C 3 ., O C C U c C O
00 3 150*000 A  5 * 0 C 0 1 ft O C C 1 n n ,"1x  0 Vft e 1 « u  C  0
D O A 1 5 0 o C  C  0 3 C  0 0 C 0 1ft OCC 2 0 0 vj e A *  ^C e
D O  5 1 5 C o 0 G C 1 5 <,0 0 C 0 9 0 O C C 2 c O C C 1 ft 0 C v:
006 150*00 0 OftOCO l o O C C l*OCC l o  uuO
First two letters o f  control indicate column, last 
digit indicates row beginning with the shoreward1 
most row as 1.
TABLE 2 (CONT.)
C O N T K U L X ( f t . ) y ( f ; . ) A O  m i n . 5 0  m i n .
A A  1 Li »  0  C  C 7  5  © 0  C  0 5  0  0  0  C 2 U C C C
A  A 2 c .  c  c  c 6  0  © 0  C  C 1 C , 0 0 0 A  9  , C  C C
A  A  3 C  o  0  0  0 A  5  „  0  C  0 2 1 o 0 0 c 6  3  j C  C  l.
A A A 0  a  0  0  0 3  0  .  C  0  0 - 2 . 0 0 0 6 a  C C G
A  A  5 C  »  0  c  c 1  5  © 0  '-j '-j 5 0  C O C 9  0  - j C  l j
A A C
r* /a 
v  „ ' .j O o C C  c A  0  C  C  C 5 - . C C O
A  B  1 2  5  o  0  0  0 7  5  © 0  0  0 ‘ A  A  ,  0  :j C 6  6  j  ^  C  ^
A 1 3 2 2  5  o  0  C  0 6  C  o  0  C  0 1 3  7 . 0 0 0 1 6 A 3 0 C G
A  B  3 2  5  o  C  l , J A  5  o  0  C  0 2  7  ® C  0  C 2  B  3 u C  L
A B A 2  5  o  C  C  C 3  0 * 0 0  0 2 c  O C C 1 2 a 0 C O
A  B  5 2  5  © 0  0  0 1  5  > 0  0  0 1 8 . 0 0 0 1 0  , 0 C  j
A  B 6 2 5 ® O O C C o O C O ^  a  0  1 J  Li 1 7 , 0 C j
B B l 5 0 a 0 C C 7  5  c  0  C  0 7 7 . C C O 1 6 8 ; C C w
B B  2 5 C o C C C 6 C 0 O C C 1 8 2 ©  O C C 1 3 1 a C C G
B B 3 S C o O O C A  5 © O C C 7  A  •> 0  C  C A  7 -j 0  C  ‘w’
B  B  A 5 0 . 0 C Q 3  0  © O  C 0  ■ 3 6 b 0 0 0 5 3 , 0 C j
B B S 5  C  o  C  0  C 1 5 . 0 0 0 7 ©  O O C 3  a  O C C
B 6 6 5 0  o  0 C Q O o O C C A 6 0 O O C 6  5  0  C  C
B C 1 7 5  © C O Q 7  5  0  0  C  0 3  9  9  0  0  G  0 3  C  1  > 0  C  -
B C 2 7  5  © 0  C  0 6 0 0  G O O 7 1 5 . 0 0 0 A  J  5  a  0  C  \J
B C  2 7  5  © C  C  C A  5  *  O  C  0 2  A  8  © 0  0  C 8 A a O C G
B C  A 7  5  o  0  0  0 3 0 o 0 C 0 I Q 8 0 O G C 5  0 -a O C C
B C 5 7 5 . 0 0 0 1  5  .  O  C 0 1 1 2 . 0 0 0 2  C'  2  ? 0  C  C
B C 6 7 5  © 0 C  C O o O C O 1 0 7 ©  O O C 1 2 1 3 0 C c
C C 1 l O C o O C C 7 5 . 0 0 0 1 8  5 © O C C 1 6 1 ; C C ©
C C 2 1 0 0 . 0 0 0 6  C  © 0  C  0 3  3  9  © C  0  0 3 1 6 c  C C  j
C C 3 1 0 0 . 0 0 0 A  5  © 0  C  0 5  0  1  © 0  0  C A  C  9  a  0  C  w
C C A 1 0 0 . C Q 0 3  0  © 0  C  0 6  5 1 . 0 0  0 7 1 7 a  C C  C
C C 5 1 0 0 . 0 0 0 I S o O C C 3 1 1 . O O C 1  A  8 © 0 0  0
C C  6 l O O o O O O 0  © c  c  0 5 0 3 . 0 0 0 A  2 3 . 0 C  0
C D 1 ‘ 1 2 5 . 0 0 0 7  5  0  0  C  0 1 5 . O O C 1  3  5  0  C  l
C D 2 1 2 5 . O C C 6  0 . 0 0 0 1 1 , 0 0 0 I C o G C G
C D 3 1  2  5  © C  0  C A  5  © 0  C  0 1 A  7  3  O O C 1 2 0 , 0 0 0
C  D A 1 2  5 . 0 0 0 3 0 . 0 0 0 7 0 3 , 0 0 0 6 9 0  a  O C C
C D 5 1 2 5 . O C C 1 5 . 0 0 0 1 5  8  © 0  0  C I C A a C C C
C  0 6 1 2 5 . C C C O o O C O A  6  i  a G  0  l. a C 5 , C C G
D D 1 1 5 C . 0 C C 7  5  0  0  C  0 1 © 0 0 C 5  3 i i L  0
D  0 2 1 5 C o 0 C 0 . 6 C 0 C C O l o C O C 5  © w  C  - j
D D  3 1 5 0  o  C O Q A  5  0 0  0  0 3  © 0  u  0 1  © C  C  0
D D A 1 5 0 . C C O 3  C  0  0  C  0 1 , C C C 1 . 0 C 0
D D  5 1  5  C  o  0  0  C 1  5  © 0  C  0 5  0  0  C  C A l o C C C
D D 6 1 5 0  ® 0 0 0 O o O C O 2 .  O O C l a  C C  u
TABLE 3
Summary of chi-squara tests, zones versus X 
displacements.
Time 
(min.)
d.f. X2 Probability
10 6 596.7 P< 0.0 01
20 6 1 9 0 . 6 P< 0.001
30 6 1 9 6 . 2 P< 0.001
ko 6 732.2 P< 0.001
50 6 672.4 P< 0.001
TA1U& 4
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TABLE 5
Pendelton tracer data, X displacements; "t" tests
of Hq : II 
dynamic
= l!2 £or 
zone.
four pairs of group mean data per
SURF ZONE, 10-20 MIN. SENIE O
j
| Sample Size X MSX SDMX
i ' r "JI
I 10 min.
1 20 min. *
I
7759
6503
112.102
102.622
288.872
387.420
0.193
0.244
i
■^20~^10 = -9.i4.80 F = 1.341
t = -30 .40, 0.05 5 r<s.l’ected
SURF ZONE, 20-30 MIN. SERIES
\
j Sample
j , „ —  - - —
Size X MSX SDMX
i
1 20 min. 
j 30 min.
6503
5458
102.622
100.953
387.420
447. 8 2 4
0.244
0.286
X3G-X20 = -1 . 6 6 9 F = 1.156
l t = 44, 0 .05, Ko re jec ted
SURF ZONE, 30-40 MIN. SERIES
1
j Sample
i! . .
Size X MSX SDMX
i
| 30 min. 
1 1±0 min.f
5458
4 2 6 5
100.953
101.846
447.824
537.884
0.286
0.355
O I vX
|
O = 0 . 8 9 3 F = 1.201
t = 1.96, P> 0.OS, Hn not re jected
TABLE 5 ( C O N T I N .)
SURF ZONE, 50-50 MIN. SERIES
Sample Size
_ j_w „
X
1 1 J. J j. 1 -i. J
MSX SDMX
JLpO min. 
50 min.
5265
5231
101.856
102.937
537.885
716.981
0.355
0.512
VA O M a = 1.091 F = 1.333
t = 2 .01, P<- 0.05 , Hn rejected
SWASH ZONE, 10-20 MIN. SERIES
Sample Size X MSX
1
SDMX j
10 min. 
20 min.
9318
7688
106.509
98.992
365.581
359.002
0.198 1 
0.2x6
,X
|
r\) o M o = -7.517 F = 1.018
. _t = -25 .66, P< 0. 05j rejected
........ - . . .... . . _ . . ..  i
SWASH ZONE, '20-30 MIN. SERIES
I
j Sample Size X MSX
' '... ' ~ ' f
>
SDKX
1
!
j 20 min. 
i 30 min.
7688
5867
98.992
95-385
359.002
527.512
0.216
0.300
i X30-X20 = -3.607 F = 1.569
t = -9. 75) 0.05» rejected
L --------------------------
TABLE 5 (CONTIN.)
SWASH ZONE, 30-i-l-Q MIN. SERIES
\
1| sample
} _  ................
Size X MSX SDMX
30 min. 
i;0 min.
5867
U6U5
93-363
88.687
5 2 7 . 5 1 2  
7 2 5 .76U
0 . 3 0 0
0.393
•
O.  ^
H
|
\x 
» j
O 
ii
I|x 
-p
= -6 . 6 9 8  
.5 0 , p< 0 .03, Hn
p = 1 . 3 7 6
re jected
SWASH ZONE, U0- 50 MIN. SERIES
Sample Size X MSX SDMX
:
i+0 min. 
50 min.
3 645 
J+132
88.687
86.744
7 2 5 . 7 6 4
1 0 4 1 . 6 8 8
0.393
0 . 3 0 2
■
i
i
x3 0 'Xi| 0
. _t .= -3 .
= -1.943 
oil, P«- 0 .0 3 , H„ r
p = 1 . 4 3 5
e .ieoted
1  “  1
TABLE 6
Pondolton tr-acor data, Y dianlacemonta; "t" to a ts 
of Hc : f.t^~fip for four pairs of group mean data per 
dynamic zone.
SURF ZONE, 10-20 HIM. SERIES
Sample Size Y M3Y SDMY
10 min. 
20 min.
7759 
6503
36.8i<2
34*078
169.920
147.462
0.148
0.151
Y20-*10 = -2 .761+ P = 1.152
t = -13-1, P< 0 *003, Hr> re iec ted
SURF ZONE, 20-30 MIN. SERIES
Sample Size Y MSY SDMY
20 min. 
30 min.
6503
5458
34.078
32.177
147.462
226.900
0.151
0.204
Y30-^20 = -l. 901 P = 1.539
ct II 1 • 48, P< 0.05, Hn re .iec ted
SURF ZONE, .30-40 MIN. SERIES
Sample Size Y MSY SDMY
1".. "■
30 min. 
40 min.
5458
4265
32.177
23.511
226.900
281.718
0.204
0.257
o i Oj O = -8. 666 P = 1.242
t = 26. 4.2, P< 0.05, EL re .iec ted
TABLE 6 (CONTIN.)
SURF ZONE , iiO-RO MIN. SERIES
j bample Size Y MSY
!
SDMY
J
1+0 min. 
50 min.
1+26 5 
4231
23.511 281.718 
20.626 285-093
1 .. |
0.257
0.260
%o-^o = -2.885 P = 1.012
t = -7. 90, P< 0.05 , rejected
SWASH ZONE, 10-20 MIN. SERI ES
Sample Size Y MSY
1
SDMY j
10 min. 
20 min.
9318 
7688
U7-553 115.625 
1+6.2^1 177.589
0.111
0.152
Y20_YX0 = -1.312 F = 1.536
t = 6.98, P< 0.05, H0 rejected
SWASH ZONE, 20-30 MIN. SERIES
Sample Sisa Y MSY SDMY
20 min. 
30 min.
7688
5867
1+6.21x1 177.589 
1+5.85^ - 182.693
0.152
0.176
Y30-Y20 
t = -1.
= -0.387
67, P> 0.05
F = 1.029 
, not rejected
TABLE 6 (CONTIN.)
Sample
. . . . . .
S i z e  Y MSY SDMY
30 min. $867 1+5.8 5b 182.693 0.176
40 m in , 1+61+5 1+9.31+0 262•264 0.238
Y40-Y30 = 3-1+86 F = 1.436
t  = 11 . 78, P*- 0 .05, rejected
SWASH ZONE, 1+0-50 Mill. SERIES
Sample S i z e  Y MSY
i
SDMY
40 min. 1+61+5 1+9.31+0 262.264 0.238
50 m in . 1+X32 1+8.8+2 2 8 9 .3 8 9 0.265
% 0 - ^ U o = - 0 . 5 2 8 F = 1 .1 0 3
t  = - 1 . 1+9, P> 0 . 0 5 ,  Hr, n o t re .iec ted
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